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Abstract
Background: Earlier studies have shown that balance training (BT) has the potential to induce performance
enhancements in selected components of physical fitness (i.e., balance, muscle strength, power, speed). While there
is ample evidence on the long-term effects of BT on components of physical fitness in youth, less is known on the
short-term or acute effects of single BT sessions on selected measures of physical fitness.
Objective: To examine the acute effects of different balance exercise types on balance, change-of-direction (CoD)
speed, and jump performance in youth female volleyball players.
Methods: Eleven female players aged 14 years participated in this study. Three types of balance exercises (i.e., anterior,
posterolateral, rotational type) were conducted in randomized order. For each exercise, 3 sets including 5 repetitions
were performed. Before and after the performance of the balance exercises, participants were tested for their static
balance (center of pressure surface area [CoP SA] and velocity [CoP V]) on foam and firm surfaces, CoD speed (T-Half
test), and vertical jump height (countermovement jump [CMJ] height). A 3 (condition: anterior, mediolateral, rotational
balance exercise type) × 2 (time: pre, post) analysis of variance was computed with repeated measures on time.
Results: Findings showed no significant condition × time interactions for all outcome measures (p > 0.05). However,
there were small main effects of time for CoP SA on firm and foam surfaces (both d = 0.38; all p < 0.05) with no effect
for CoP V on both surface conditions (p > 0.05). For CoD speed, findings showed a large main effect of time (d = 0.91;
p < 0.001). However, for CMJ height, no main effect of time was observed (p > 0.05).
Conclusions: Overall, our results indicated small-to-large changes in balance and CoD speed performances but not in
CMJ height in youth female volleyball players, regardless of the balance exercise type. Accordingly, it is recommended
to regularly integrate balance exercises before the performance of sport-specific training to optimize performance
development in youth female volleyball players.
Trial registration: This study does not report results related to health care interventions using human participants and
therefore it was not prospectively registered.
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Background
In volleyball, dynamic balance, multidirectional locomo-
tion, and jump-landing tasks such as spiking (offensive)
and blocking (defensive), are key for performance [1, 2].
Previous studies have shown that balance training (BT)
has the potential to induce performance enhancements
in selected components of physical fitness (i.e., balance,
muscle strength, power, [change-of-direction] speed) [3–
5] and to increase resistance to injuries in children and
adolescents [6–8]. Recently, Gebel et al. [9] summarized
the effects of BT on selected components of physical
fitness in the general youth population and youth ath-
letes. These authors concluded that BT is highly effective
to improve balance performance (e.g., static/dynamic
steady-state) in youth (athletes). They further showed
that BT has the potential to induce transfer effects to se-
lected health- (e.g., muscle strength) and skill- (e.g., agil-
ity, speed) related components of physical fitness as well
as on sport-specific skills (e.g., basketball shooting accur-
acy) in young athletes.
Additionally, there is evidence of facilitating effects
from long-term balance training if conducted before
strength or plyometric training [10–12]. For instance,
Bruhn et al. [12] studied the sequencing effects of
balance and strength training on maximum voluntary
isometric contraction and neuromuscular activation in
healthy physical education students aged 22 years. These
authors demonstrated that a block of balance before
strength training resulted in higher neuromuscular acti-
vation compared with strength followed by balance
training. Accordingly, it was concluded that balance
training has a facilitating effect on subsequent strength
training. In other words, balance training contributes to
optimize the effects of a subsequent strength training
program.
Currently, there is no study available that examined
whether the reported facilitating effects observed with
long-term balance training also exist after a single
balance training session. Prieske et al. [13] examined the
acute effects of combined balance and strength exercises
vs. strength exercises only on twitch contractile proper-
ties, maximum voluntary strength, and jump perform-
ance in young female soccer players. While the
performance of strength exercises resulted in significant
increases in twitch contractile properties, the combin-
ation of balance and strength exercises produced signifi-
cant gains in jump performance. From these findings, it
was concluded that neuromuscular adaptations such as
intra- or intermuscular coordination rather than changes
in contractile properties appear to be responsible for the
observed jump height improvements following the per-
formance of combined balance and strength exercises.
Yet, no study has examined the acute effects of a single
balance training session on physical fitness outcomes. If
the performance of a single balance training session may
also result in facilitating effects as was previously re-
ported for long-term balance training, sport-specific
training (e.g., volleyball training) should be conducted
after a balance training session to optimize performance
development.
In addition, it is unresolved whether the type of bal-
ance exercise (i.e., anterior, mediolateral, rotational type)
moderates the performance outcome after the single
balance training session. There is ample evidence that
balance training leads to improvement in the trained but
not the untrained task [14]. In a systematic review with
meta-analysis, Kümmel et al. [15] demonstrated that
balance training results in performance enhancements in
the trained balance task with no-to-limited transfer to
the untrained task. A recent study by Bakkum et al. [16]
demonstrated that the more challenging the balance
task, the larger the transfer effects to untrained move-
ments. Taken together, this implies that balance
exercises with larger degrees of freedom (e.g., rotational
type) may have a greater effect on subsequent
performance.
Therefore, this study aimed to examine the acute ef-
fects of different types of balance exercises (i.e., anterior,
mediolateral, rotational type) on selected measures of
physical fitness (i.e., balance, jump performance, and
change-of-direction [CoD] speed) in female youth vol-
leyball players. With reference to long-term balance
training studies [11, 12], we expected a facilitating effect
of a single balance exercise session on the above-
mentioned key determinants of volleyball performance.
Given that adaptations following balance training are
highly task-specific [14, 15, 17] and appear to depend on
the difficulty level of the respective balance task [16], we
hypothesized that a balance exercise tool with larger de-
grees of freedom (i.e., rotational type) results in greater
effects across the different outcome measures.
Methods
A within-subject study design was applied to evaluate
the acute effects of three different balance exercise types
(i.e., anterior, mediolateral, and rotational type) on bal-
ance, jump performance, and CoD speed in youth female
volleyball players. Participants were familiarized with the
different physical fitness assessments (i.e., balance, CMJ,
CoD) one week before the start of the study. Each ses-
sion began with the players performing a standardized
warm-up consisting of 5 min of jogging followed by 10
min of dynamic stretching. Thereafter, participants were
tested (pre-assessment) for their balance, CoD speed,
and CMJ height. Testing always started with balance
tests followed by CoD speed and CMJ height tests. For
the balance exercises, three different protocols (i.e.,
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anterior, mediolateral, rotational type) were conducted
in randomized order.
Participants
With reference to the study of Prieske et al. [13] on the
acute effects of balance and strength exercises on jump
performance, an a priori power analysis with a type I
error rate of 0.05 and 80 % statistical power was com-
puted. The analysis indicated that overall, 10 participants
are sufficient to observe significant, large-sized acute ef-
fects (Cohen’s d = 0.90) for countermovement jump
height. Accordingly, this study was conducted with 11
youth female elite volleyball players, all recruited from
the same club, who regularly competed on the national
level (age: 14.3 ± 0.8 years, maturity offset [MO]: +0.9 ±
0.5, APHV: 13.4 ± 1.3 years, body mass: 56.9 ± 4.0 kg,
body height: 172.2 ± 4.5 cm). All participants regularly
played volleyball over the past 5 years before the start of
the study. Throughout the study period, all athletes
exercised 4–5 times per week with each session lasting
~ 90 minutes. The biological age of our participants was
estimated using the maturity offset method [18]. It is
worth noting that all subjects had regularly performed
balance exercises as part of their regular conditioning
program over the past 3 years. Thus, participants were
familiarized with BT. This study was conducted in ac-
cordance with the latest version of the Declaration of
Helsinki and the study procedures are in line with the
standards for ethics in sport and exercise science
research [19]. Before experimental testing, the study pro-
cedures were approved by the local institutional review
board of the Higher Institute of Sports and Physical
Education of Ksar Saïd, Tunisia. Written informed con-
sent was obtained from parents/legal representatives of
all participants before the commencement of the study.
Procedures
All procedures were carried out during the second half
of the competitive season (March-May 2019). Testing
took place on three separate days at the same time of
day (at 4 pm) and with 48 hours rest between days. One
week before the commencement of the study, all sub-
jects participated in an orientation session to become fa-
miliar with the testing procedure.
Each balance protocol lasted 15 minutes and consisted
of performing single-leg stance exercises on unstable
surfaces (i.e., BOSU). For each exercise, players com-
pleted 3 sets with 5 repetitions. Both legs were exercised
(Fig. 1). A rest period of 90 seconds was allowed be-
tween sets. The anterior balance exercise protocol con-
sisted of single-leg stance exercises with cutting motions
of the contralateral leg in the sagittal plane (Fig. 2a). The
mediolateral balance exercise protocol consisted of per-
forming the same task while moving the contralateral
leg laterally in the frontal plane (Fig. 2b). Finally, the ro-
tational balance exercise protocol consisted of single-leg
stance exercises while executing cutting motions of the
hand and the contralateral leg around the body (Fig. 2c).
Fig. 1 Experimental protocol of the three types of balance exercises.DS: Dynamic stretching, BT: balance training, CoP SA: center of pressure
surface area, CoP V; center of pressure velocity, CMJ: countermovement jump height, CoD: change-of-direction speed
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Participants were also instructed to refrain from any
strenuous activities between the test sessions. To
minimize confounding factors, instructions related to
sleep and diet were given to all subjects before the ex-
periment. On the night preceding each session, the sub-
jects were asked to keep their usual sleep habits, with a
minimum of 7 hours of sleep.
Static balance
Static balance was evaluated using a force plate with three
strain gauges (PostureWin©, Techno Concept ®, Cereste,
France; 40 Hz frequency, 12-bits A/D conversion) which
measures center of pressure displacements (CoP). The
force plate was embedded in the surrounding floor. Partic-
ipants were asked to stand as still as possible during test-
ing with their arms comfortably placed downward at
either side of the body, their bare feet were separated by
an angle of 30° and their heels placed 5 cm apart. To
maintain the same foot position for the balance assess-
ment, a plastic device was used that allowed replication of
the foot position. Participants were asked to maintain bal-
ance with eyes opened (EO) on firm and foam surfaces.
Throughout testing, participants were instructed to look
straight ahead at a cross, placed at eye level on a nearby
wall (2 m distance). Each trial lasts 25.6 s. In this study,
CoP sway parameters (i.e., CoP SA and CoP V) on foam
and firm surfaces were analyzed. More specifically, CoP V
indicates the total distances covered by the CoP divided
by the duration of the sampled period and CoP SA repre-
sents the ellipse of the area covered by the trajectory of
the CoP [20]. For these parameters, the lower the value,
the better the postural control [21].
Jump performance
CMJ height was evaluated using an Ergojump System
(Ergojump; Globus Italia, Codogne, Italy) as was
previously described [22]. During the performance of
CMJs, participants were instructed to place their hands
on the hips to prevent any support of arm movements
on vertical jump performance. Participants were
instructed to begin the jump with a downward move-
ment, which was immediately followed by a concentric
upward movement, resulting in a maximal vertical jump
[23]. They were instructed to minimize lateral and hori-
zontal displacements during performance. Proper care
was taken to ensure correct technical execution (e.g., ex-
tended legs during flight-time). Three trials were per-
formed with approximately 2 minutes rest in between
trials. The best trial in terms of CMJ height was used for
further analysis.
Change‐of‐direction speed
CoD speed was evaluated using the T-half test as previ-
ously outlined by Haj Sassi et al. [24]. The T-Half test
was used to determine speed with directional changes
such as forward sprinting, left and right shuffling, and
back pedaling. Participants began with both feet behind
the starting line. At his discretion, each participant
sprinted forward to the cone fixed at 5 meters and touch
the base of it with the right hand. Facing forward and
without crossing feet, they shuffled to the left to cone
fixed at 2.5 meters and touch its base with the left hand.
Subjects then shuffled to the right to the last cone and
touch its base with the right hand. They shuffled back to
the left to the first cone and touch its base. Finally, par-
ticipants ran backward as quickly as possible and return
to starting line. Any participants who crossed one foot
in front of the other, failed to touch the base of the cone,
and/or failed to face forward throughout had to repeat
the maneuver. A total of three trials was carried out by
each participant with 3 min of rest in-between. The best
performance was recorded for further analysis.
Fig. 2 Schematic description of the three balance exercise types. a anterior balance exercise type, b mediolateral balance exercise type, and
c rotational balance exercise type.
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Statistical analyses
Data are presented as means and standard deviations
(SDs). Data were tested and confirmed for normal distri-
bution using the Shapiro-Wilk test. To evaluate the
acute effects of the different balance exercise types on
measures of physical fitness, a 3 (condition: anterior,
mediolateral, rotational balance exercise type) × 2 (time:
pre, post) analysis of variance (ANOVA) was computed
with repeated measures on time. If condition × time in-
teractions reached the level of significance, post-hoc
tests (i.e., paired sample t-tests) were computed to iden-
tify the comparisons that were statistically significant. Ef-
fect sizes (ES) were determined by converting partial
eta-squared from the ANOVA output to Cohen’s d. ES
can be classified as trivial (< 0.2), small (0.2–0.49),
medium (0.5–0.79) or large (≥ 0.8) [25]. Test-retest reli-
ability was assessed using the intraclass correlation coef-
ficient (ICC) and the standard error of measurement
(SEM) expressed as coefficient of variation [26]. The
alpha level of significance was set at p < 0.05. All data




No test or training-related injuries were observed
throughout the study. Thus, the final data set comprised
all initially enrolled eleven players. Table 1 illustrates
performance data reliability outcomes for the applied
physical fitness tests. Cronbach’s alpha intra-class coeffi-
cient correlations showed acceptable reliability with
ICCs ranging between 0.82 and 0.91 (95 % CI: 0.84–
0.96) and CVs ranging between 0.86 and 1.14.
Static balance
Our findings indicated significant main effects of time
for CoP SA on firm and foam surfaces (F(1,30)=4.22; d =
0.38; p < 0.05 and F(1,30) = 4.30; d = 0.38; p < 0.05, respect-
ively). For CoP V on firm and foam surfaces, no signifi-
cant effects of time were observed (F(1,30) = 1.78; d = 24;
p > 0.05; F(1,30) = 1.50; d = 0.22; p > 0.05, respectively). In
addition, no significant condition × time interactions
were found for all balance variables (F(2,30) = 0.19–2.43 ;
d = 0.11–0.40; p > 0.05) (Table 2).
Jump performance
Results showed no significant main effect of time
(F(1,30) = 0.36; d = 0.11; p > 0.05) for CMJ height. Like-
wise, no significant condition × time interactions
(F(2,30) = 0.04; d = 0.05; p > 0.05) were observed (Table 2).
Change‐of‐direction speed
Our analysis showed a significant main effect of time
(F(1,30) = 24.84; d = 0.91; p < 0.001) but no significant
condition × time interaction (F(2,30) = 1.49; d = 0.09; p >
0.05) (Table 2).
Discussion
This is the first study to investigate the acute effects of
different types of balance exercises (anterior, mediolat-
eral, and rotational type) on measures of balance, jump
performance, and CoD speed in youth female volleyball
players. The main findings indicated small-to-large acute
changes in balance and CoD speed performances but
not in jump performance, irrespective of the applied type
of balance exercise.
Balance is an essential component of training in youth
[3, 4, 27]. Earlier cross-sectional studies demonstrated
that balance performance is associated with other mea-
sures of physical fitness such as jumping height and
CoD speed performance in young athletes [28, 23]. Like-
wise, medium-to-large associations were reported be-
tween static (Stork balance test) and dynamic (Y-balance
test) balance performances with proxies of muscle power
(i.e., standing-long jump, countermovement jump) and
CoD speed performances in male soccer players aged 10
to 16 years [23]. While there is compelling evidence
from cross-sectional studies about the association of bal-
ance with measures of muscle power and CoD speed,
only one study [13] examined the acute effects of com-
bined balance and strength exercises vs. strength exer-
cises only on twitch contractile properties, maximum
voluntary contraction of the plantar flexors, and jump
performance in young female soccer players aged be-
tween 14 and 15 years. Results indicated that the com-
bination of balance and strength exercises significantly
enhanced subsequent jump performance but not twitch
contractile properties [13].
The current study showed that balance exercises only re-
sulted in acute small balance performance improvements.
Table 1 Test-retest reliability of the applied balance, jump, and
change-of-direction speed tests
Criterion measures ICC3.1 (95% CI) CV (%)
CoP SA Firm 0.88 [0.71–0.95] 2.75
CoP SA Foam 0.82 [0.75–0.87] 2.86
CoP V Firm 0.84 [0.80–0.87] 2.08
CoP V Foam 0.85 [0.81–0.88] 1.14
CMJ 0.91 [0.77–0.97] 2.44
CoD-Speed 0.91 [0.78–0.96] 2.80
Notes: Values are means and standard deviations (SD), ICC intra-class
correlation coefficient, CV coefficient of variation, CoP SA Firm Center of
pressure surface area on firm surface, CoP SA Foam Center of pressure surface
area on foam surface, CoP V Firm Center of pressure velocity on firm surface,
CoP V Foam Center of pressure velocity on firm surface,
CMJ countermovement jump, CoD change of direction
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Balance involves the interaction of automatic postural and
voluntary motor commands of both the trunk and limb
musculature [27, 29]. With reference to longitudinal studies
[3, 30, 31] it seems plausible to argue that the general adap-
tive mechanisms that occur in the level of the spinal and
supraspinal centers in the youth population after weeks of
training (e.g., increased afferent feedback to cortical and/or
subcortical areas, increased presynaptic inhibition) can be
observed after a single bout of balance exercise. In other
words, with reference to the aforementioned studies, it
seems logical to argue that the similar acute improvement
in balance performance following anterior, mediolateral,
and rotational bout of balance exercises could be related to
the acute physiological changes in spinal and supraspinal
areas. However, these adaptations are transient and can
only transform into persistent adaptations after long-term
training [3, 30, 31]. Thus, coaches, as well as strength and
conditioning professionals, should systematically implement
balance exercises into warm-up to improve acute balance
performance.
Further, irrespective of the type of balance exercise,
our findings showed large effects on subsequent CoD
speed performance. To the authors’ knowledge, this is
the first study that examined the acute effects of differ-
ent balance exercise types on CoD speed performance.
The successful execution of the T-half test requires good
capabilities to rapidly accelerate, decelerate, and change
position from side-to-side. In such demanding situations,
the balance system needs to compensate and adjust as
the CoD speed task requires to repeatedly shift the cen-
ter of gravity outside the base-of-support which chal-
lenges body equilibrium [17]. There is evidence from
cross-sectional studies that shows medium-to-large-sized
correlations between CoD speed and balance perform-
ance [23, 32]. In this context, it has been demonstrated
that balance is an important prerequisite for efficient
CoD speed performance [33]. The present study
indicated that balance exercises seem to trigger acute
mechanisms that contribute to better CoD speed per-
formance in youth female volleyball players. However,
further studies are required that examine the underlying
mechanisms responsible for the observed changes in
CoD speed performance after a bout of balance exercise.
This study revealed that the performance of balance
exercises did not impact jump performance (i.e., CMJ
height). To the authors’ knowledge, no previous study
has examined the acute effects of different balance exer-
cise types on CMJ height. Therefore, our findings have
to be compared with studies examining the acute effects
of different exercise types (i.e., whole-body vibration
[WBV]) on jump performance. Of note, our results are
in line with those of Kurt and colleagues [34] who
showed that vertical jump performance was not affected
by a single bout of WBV in well-trained combat athletes.
In contrast, Cochrane and Stannard [35] assessed the
acute effects of WBV on vertical jump performance and
reported a positive effect on CMJ height. Furthermore,
previous studies have shown that the greater the training
experience and/or expertise level, the less likely it is to
achieve large performance improvements [36, 37]. In this
study, elite female volleyball players were included who
regularly practiced volleyball for the last 5 years with 4–
5 training sessions per week. Given that well-developed
vertical jump height represents an important prerequis-
ite for volleyball performance [1, 38], it can be argued
that the recruited sample of female players was already
close to the ceiling in terms of their jumping perform-
ance which again reduces the likelihood of achieving
extra performance gains following a single balance train-
ing session. Of note, the acute effects of balance exer-
cises are transient. In the present study, the CMJ height
test was performed 15 minutes after the balance exer-
cise protocol. Therefore, it seems legitimate to argue
that any potential effects of the applied balance exercise
Table 2 Acute effects of three different balance exercise types (i.e., anterior, mediolateral, rotational type) on measures of balance,
jump performance, and change-of-direction speed in youth female volleyball players
Anterior Mediolateral Rotational ANOVA
(p value; effect size)
Pre Post Pre Post Pre Post
M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) Time Condition x Time
CoP SA Firm 107.2 (48.1) 97.4 (30.7) 107.3 (48.1) 140.6 (74.9) 107.3 (48.1) 141.4 (61.8) 0.049 (0.75) 0.105 (0.80)
CoP SA Foam 206.0 (89.8) 97.4 (29.3) 206.0 (89.8) 273.0 (150.3) 206.1 (89.8) 268.1 (121.8) 0.047 (0.75) 0.824 (0.22)
CoP V Firm 8.36 (1.0) 8.52 (1.4) 8.36 (1.0) 9.11 (1.4) 8.4 (1.0) 8.6 (1.6) 0.191 (0.45) 0.668 (0.33)
CoP V Foam 12.8 (1.7) 12.5 (1.5) 12.9 (1.7) 12.9 (4.0) 12.9 (1.8) 11.1 (1.5) 0.230 (0.44) 0.395 (0.45)
CMJ height 25.4 (2.7) 25.4 (3.5) 25.4 (2.7) 25.7 (3.5) 25.4 (2.7) 25.5 (3.4) 0.554 (0.22) 0.958 (0.10)
CoD speed 13.1 (0.371) 12.9 (0.477) 13.1 (0.371) 12.9 (0.55) 13.1 (0.371) 12.8 (0.502) < 0.001 (1.82) 0.241 (0.62)
Notes: Values are expressed as means and standard deviations (SD), CI 95% confidence limits, CoP SA Firm Center of pressure surface area on firm surface, CoP SA
Foam Center of pressure surface area on foam surface, CoP V Firm Center of pressure velocity on firm surface, CoP V Foam Center of pressure velocity on foam
surface, ANOVA analysis of variance, Time main effect of time (pre, post); Condition: anterior, mediolateral, rotational type
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protocol may have mitigated over time. Therefore, fur-
ther research is needed to substantiate the current
findings.
This study is not without limitations. First, we are
aware that our study findings are based on a relatively
small sample. Given that we conducted this study with
elite female youth athletes, the overall cohort (female
youth athletes) to draw our sample from is small. There-
fore, future studies should try to include a larger cohort
of youth players – if available. Second, the lack of a con-
trol condition constitutes another limitation of this
study. Therefore, future studies should replicate findings
from this study and include a control condition. Third,
systematic bias due to learning effects cannot be com-
pletely ruled out. However, the participating players
were familiar with the applied test protocols (i.e., CoD
speed and jumping) because they were frequently in-
cluded in their training routines as part of performance
testing. In addition, a familiarization session was sched-
uled one week before the start of the study. As such, po-
tential learning effects cannot be completely ruled out
but are most likely negligible and should not have biased
the outcomes of this study. Finally, we were not able to
examine the underlying neuromuscular mechanisms
responsible for the observed changes in measures of
physical fitness due to the lack of including neurophysio-
logical testing apparatus in the design of this study.
Therefore, future studies are advised to include electro-
physiological testing apparatus (e.g., electromyography)
to elucidate the underlying neural changes.
Conclusions
The results of this study indicate that balance exercises
in the anterior, mediolateral, and rotational planes pro-
duced small-to-large acute changes in balance and CoD
speed but not in vertical jump height in female elite
youth volleyball players. Coaches and strength and con-
ditioning specialists are advised to regularly integrate
balance exercises before the performance of sport-
specific training to optimize performance development.
Further research is needed to assess the exact balance
exercise dosage required to stimulate improvements in
jumping performance and whether our findings can be
translated to different populations.
Abbreviations
BT: Balance training; CoD: Change-of-direction; CMJ: Countermovement
jump; PHV: Peak height velocity; APHV: Years from peak height velocity;
OE: Opened eyes; BM: Body mass; BMI: Body mass index; ICC: Intraclass
correlation coefficient; CV: Coefficient of variation; CoP SA Firm: Center of
pressure surface area on firm surface; CoP SA Foam: Center of pressure
surface area on foam surface; CoP V Firm: Center of pressure velocity on firm
surface; CoP V Foam: Center of pressure velocity on firm surface;
CI: Confidence interval; M (SD): Means and standard deviations;
ANOVA: Analysis of variance
Acknowledgements
Authors are particularly grateful to all athletes who voluntarily participated in
the study.
Authors’ contributions
RH, HC, MD, and UG analyzed the data and wrote the manuscript. RH, FK,
HW, HC, HR, and UG contributed to the study design, data collection, and
critical review of draft manuscripts. HC and UG assisted with the statistical
analysis and interpretation of data. All the authors read and approved the
final manuscript.
Funding
Open Access funding enabled and organized by Projekt DEAL. We
acknowledge the support of the Deutsche Forschungsgemeinschaft and
Open Access Publishing Fund of University of Potsdam.
Availability of data and materials
The datasets generated and/or analysed during the current study are not
publicly available. Upon request, the corresponding author will share the
data set.
Ethics approval and consent to participate
The present study was conducted in accordance with the latest version of
the Declaration of Helsinki and the study procedures are in line with the
standards for ethics in sport and exercise science research [16]. Before
experimental testing, the study procedures were approved by the local
institutional review board of the Higher Institute of Sports and Physical
Education of Ksar Saïd, Tunisia. Written informed consent to be involved in
the experimental procedures was obtained from parents/legal
representatives of all participants before the start of the study.
Consent for publication
Our manuscript does not contain data from any individual person. Therefore,
a consent for publication is “not applicable”. Written informed consent to
publish individual images was obtained from parents/legal representatives.
Competing interests
The authors declare that they have no competing interests.
Author details
1Higher Institute of Sport and Physical Education of Ksar-Said, University of
La Manouba, Tunis, Tunisia. 2Research Laboratory Education, Motricity, Sport
and Health LR19JS01, Higher Institute of Sport and Physical Education of
Ksar-Said, Tunis, Tunisia. 3Division of Training and Movement Sciences,
University of Potsdam, Potsdam, Germany. 4Research Laboratory: Education,
Motricity, Sports, and Health, University of Sfax, Sfax, Tunisia. 5Centre for
Sport, Exercise and Life Sciences, Coventry University, Coventry, UK.
Received: 6 October 2020 Accepted: 22 February 2021
References
1. Sheppard JM, Gabbett T, Taylor KL, Dorman J, Lebedew AJ, Borgeaud R.
Development of a repeated-effort test for elite men’s volleyball. Int J Sports
Physiol Perf. 2007;2:292–304.
2. Ziv G, Lidor R. Vertical jump in female and male volleyball players: a review
of observational and experimental studies. Scand J Med Sci Sports. 2010;20:
556–67.
3. Gebel A, Prieske O, Behm DG, Granacher U. Effects of balance training on
physical fitness in youth and young athletes: a narrative review. Strength
Cond J. 2020;42(6):35–44.
4. Granacher U, Gollhofer A, Kriemler S. Effects of balance training on postural
sway, leg extensor strength, and jumping height in adolescents. Res Q
Exercise Sport. 2010;81(3):245–51.
5. Behm DG, Colado JC. The effectiveness of resistance training using unstable
surfaces and devices for rehabilitation. Int J Sports Phys Ther. 2012;7(2):226.
6. Lauersen JB, Bertelsen DM, Andersen LB. The effectiveness of exercise
interventions to prevent sports injuries: A systematic review and meta-
analysis of randomised controlled trials. Br J Sports Med. 2014;48:871–7.
7. Emery CA, Cassidy JD, Klassen TP, Rosychuk RJ, Rowe BH. Effectiveness of a
home-based balance-training program in reducing sports-related injuries
Hammami et al. BMC Sports Science, Medicine and Rehabilitation           (2021) 13:29 Page 7 of 8
among healthy adolescents: A cluster randomized controlled trial. CMAJ.
2005;172:749–54.
8. Malliou P, Gioftsidou A, Pafis G, Beneka A, Godolias G. Proprioceptive
training (balance exercises) reduces lower extremity injuries in young soccer
players. J Back Musculoskelet Rehab. 2004;17:101–4.
9. Gebel A, Lesinski M, Behm DG, Granacher U. Effects and dose–response
relationship of balance training on balance performance in youth: a
systematic review and meta-analysis. Sports Med. 2018;48(9):2067–89.
10. Chaabene H, Negra Y, Sammoud S, Moran J, Ramirez-Campillo R, Granacher
U, Prieske O. The Effects of Combined Balance and Complex Training Versus
Complex Training Only on Measures of Physical Fitness in Young Female
Handball. Int J Sport Physiol Perf 2020. In press.
11. Hammami R, Granacher U, Makhlouf I, Behm DG, Chaouachi A. Sequencing
effects of balance and plyometric training on physical performance in youth
soccer athletes. J Strength Cond Res. 2016;30(12):3278–89.
12. Bruhn S, Kullmann N, Gollhofer A. Combinatory effects of high-intensity-
strength training and sensorimotor training on muscle strength. Int J Sports
med; 27(05):401–406.
13. Prieske O, Maffiuletti NA, Granacher U. Postactivation potentiation of the
plantar flexors does not directly translate to jump performance in female
elite young soccer players. Front Physiol. 2018;9:276.
14. Giboin LS, Gruber M, Kramer A. Task-specificity of balance training. Hum
Mov Sci. 2015;44:22–31.
15. Kümmel J, Kramer A, Giboin LS, Gruber M. Specificity of balance training in
healthy individuals: a systematic review and meta-analysis. Sports Med.
2016;46(9):1261–71.
16. Bakkum A, Donelan JM, Marigold DS. Challenging balance during
sensorimotor adaptation increases generalization. J Neurophysiol. 2020;
123(4):1342–54.
17. Kibele A, Behm DG. Seven weeks of instability and traditional resistance
training effects on strength, balance and functional performance. J Strength
Cond Res. 2009;23(9):2443–50.
18. Moore SA, McKay HA, Macdonald H, Nettlefold L, Baxter-Jones AD, Cameron
N, Brasher PM. Enhancing a somatic maturity prediction model. Med Sci
Sports Exerc. 2015;47(8):1755–64.
19. Harriss D, MacSween A, Atkinson G. Standards for ethics in sport and
exercise science research: 2018 update. Int J Sports Med; 2017.
20. Schubert P, Kirchner M. Ellipse area calculations and their applicability in
posturography. Gait Posture. 2014;39(1):518–22.
21. Caron O, Gélat T, Rougier P, Blanchi JP. A comparative analysis of the
center of gravity and center of pressure trajectory path lengths in
standing posture: an estimation of active stiffness. J App Biom. 2000;
16(3):234–47.
22. Negra Y, Chaabene H, Hammami M, Hachana Y, Granacher U. Effects of
high-velocity resistance training on athletic performance in prepuberal male
soccer athletes. J Strength Cond Res. 2016;30(12):3290–7.
23. Hammami R, Granacher U, Pizzolato F, Chaoauchi M, Chtara M, Behm DG.
Associations between change of direction, balance, speed, and muscle
power in prepubescent soccer players. J Athl Enhanc. 2017;6(6):1–6.
24. Sassi RH, Dardouri W, Yahmed MH, Gmada N, Mahfoudhi ME, Gharbi Z.
Relative and absolute reliability of a modified agility T-test and its
relationship with vertical jump and straight sprint. J Strength Cond Res.
2009;23(6):1644–51.
25. Cohen J. Statistical Power for the Behavioral Sciences. Hillsdale: Erlbaum; 1988.
26. Hopkins W. G. A new view on statistics: Log transformation. Sport Sci; 2005.
27. Behm DG, Faigenbaum AD, Falk B, Klentrou P. Canadian Society for Exercise
Physiology position paper: resistance training in children and adolescents.
Appl Physiol Nut Metab. 2008;33(3):547–61.
28. Śliwowski R, Grygorowicz M, Wieczorek A, Jadczak Ł. The relationship
between jumping performance, isokinetic strength and dynamic postural
control in elite youth soccer players. J Sports Med Phys Fitness. 2018;58(9):
1226–33.
29. Shiratori T, Latash M. The roles of proximal and distal muscles in
anticipatory postural adjustments under asymmetrical perturbations and
during standing on rollerskates. Clinical Neu. 2000;111(4):613–23.
30. Taube W, Gruber M, Gollhofer A. Spinal and supraspinal adaptations
associated with balance training and their functional relevance. Acta
Physiol. 2008;193:101–16.
31. Granacher U, Gollhofer A, Strass D. Training induced adaptations in
characteristics of postural reflexes in elderly men. Gait Posture. 2006;24(4):
459–66.
32. Sekulic D, Spasic M, Mirkov D, Cavar M, Sattler T. Gender-specific influences
of balance, speed, and power on agility performance. J Strength Cond Res.
2013;27(3):802–11.
33. Lloyd RS, Read P, Oliver JL, Meyers RW, Nimphius S, Jeffreys I. Considerations
for the development of agility during childhood and adolescence. Strength
Cond J. 2013;35(3):2–11.
34. Kurt C, Pekünlü E. Acute effect of whole body vibration on isometric
strength, squat jump, and flexibility in well-trained combat athletes. Biol
Sports. 2015;32(2):115.
35. Cochrane DJ, Stannard SR, Firth EC, Rittweger J. Acute whole-body vibration
elicits post-activation potentiation. Eur J App Physiol. 2010;108(2):311.
36. Suchomel TJ, Nimphius S, Bellon CR, Stone MH. The importance of muscular
strength: training considerations. Sports Med. 2018;48(4):765–85.
37. Faigenbaum A. Age- and sex-related differences and their implications for
resistance exercise. Essentials of strength training and conditioning. Human
Kinetics. National Strength Cond Ass (US) 2000; 3.
38. Sheppard JM, Gabbett TJ, Stanganelli LC. An analysis of playing positions in
elite men’s volleyball: considerations for competition demands and
physiologic characteristics. J Strength Cond Res. 2009;23:1858–66.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Hammami et al. BMC Sports Science, Medicine and Rehabilitation           (2021) 13:29 Page 8 of 8
